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Introduction
Polymer-surfactant systems have several applications -in pharmaceutical formulations, personal care products, detergency, paints and foams, enhanced oil recovery, etc. [1] . Many early polymer-surfactant studies involved proteins [2] , and the proteinsurfactant interactions have since been studied extensively [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . These interactions are important in several biochemical separation methods, food emulsions, pharmaceuticals, personal care products, etc. [14] . Anionic surfactant such as sodium dodecyl sulfate (SDS) is one of the most potent denaturant of the oppositely charged globular proteins. Of the various models suggested for the structure of protein-surfactant complexes [3, 6, 15] the "necklace and bead" model proposed by Shirahama et al. [15] seems to describe correctly several experimentally observed results [4, 9, 16, 17] . This model assumes that the polypeptide chains are flexible in solution and the micelle-like clusters of SDS are dispersed along the unfolded peptide chain. The packing of SDS clusters on the polypeptide chain was described by a fractal model [16, 18] . Turro et al. [9] investigated BSA-SDS complexes using necklace model where the unfolded protein wrapped around surfactant micelles. Vasilescu et al. [10] used fluorescence probe methods and found that the necklace and bead model applies to both BSA-SDS and lysozyme-SDS complexes. However, being small and rigid, lysozyme does not wrap up well around the micelle to protect it from water contact. The number of clusters per polypeptide chain was 2-4 for BSA-SDS system while it is one cluster in the lysozyme-SDS case. Samso et al. [17] provided direct evidence of a necklace structure for protein-SDS complexes by cryo-electron microscopy complemented by small-angle X-ray scattering (SAXS). Proteins with molecular masses less than about 20,000 Da were conjectured to form unimicellar complexes. These studies were carried out at low protein and surfactant concentrations. The necklace model is also found to explain the structure of the complexes formed between surfactants and polymers [19, 20] .
Although the fluorescence probe [9, 10] , phase behavior [21, 22] , binding isotherm [5, 12, 23] and clouding studies [24, 25] indicate similar qualitative behavior of BSA-SDS and lysozyme-SDS complexes, there are several subtle differences such as the difference in the number of micellar clusters per protein molecule, the aggregation number of micelles, the sensitivity of clouding temperature to protein/surfactant weight ratio, etc. BSA-SDS is often used as archetype system in the study of protein-surfactant interactions. BSA-SDS interactions were studied combining surface tension and SAXS measurements by Santos et al. [26] . Formation of micelle-like aggregates randomly distributed along the unfolded polypeptide chain was confirmed consistent to a necklace and bead model. The fractal dimension of the micellar clusters packing and the correlation length were extracted from the SAXS intensity profile and were found comparable with an earlier small-angle neutron scattering (SANS) work [16] . The structure of lysozyme-SDS complexes in the solution and gel phases was investigated by means of SANS contrast experiments by Stenstam et al. [27] . They found that the compact globule of lysozyme does not fit well into beads on necklace model. They proposed transient clusters of lysozyme-SDS aggregates for the L 1 phase. In the SDS contrast measurements, the scattering curves of the lysozyme-SDS system showed that the large majority of the SDS was present in the same type of micelle as in the pure SDS solutions of the same concentration.
In this paper, we report a study of the structure of lysozyme-SDS complexes in solution phase using SAXS because it is a complimentary method to SANS and it is sensitive to the electron density variations due to protein-surfactant complexation. The pair distance distribution function obtained from the modelindependent indirect Fourier transformation of the experimental scattering intensity shows that there is no appreciable change in the size of SDS micelles as they complex with the protein.
The necklace and bead model fails to account for the SAXS data. We show here that a partially embedded swollen micellar model seems appropriate and describes well the scattering data. The SAXS intensity profiles are analyzed by considering the change in the electron scattering length density of the micellar core and the shell and treating the electrostatic interactions of the micelles using rescaled mean spherical approximation (RMSA).
Materials and methods

Materials
Lysozyme from chicken egg white (L6876) was bought from Sigma chemicals and used without further purification. SDS from HIMEDIA, Mumbai, India (purity >99%) was used as received. Stock solutions of 16 wt% SDS and 8 wt% lysozyme were prepared in deionized water. Measured quantities of SDS and lysozyme stock solutions were mixed with deionized water for the required protein:surfactant concentrations. The samples were thoroughly mixed to get a clear solution and equilibrated for 24 h before recording the SAXS intensity.
SAXS measurements
Small-angle X-ray scattering experiments were performed in line collimation, in a modified Kratky camera (SAXSess Anton Paar, Austria) using CuK α as incident radiation (wavelength, λ = 0.1542 nm). The sample to detector distance was kept at 26.5 cm corresponding to the scattering angle range θ = 0.108-11 • (scattering wave vector range q = 0.077-8 nm −1 ). The scattering intensities were collected on a two-dimensional position sensitive imaging plate, and integrated over a linear profile to convert into one-dimensional scattering data of scattering intensity I(q) vs scattering wave vector q,
where θ is the scattering angle. The scattering data were collected over a period of 1 h at 25 ± 0.2 • C. Anton Paar TC50 Peltier temperature controller was used to maintain the temperature. Scattering data were also collected for solvent (water) filled and empty capillary tubes. The measured intensity was converted into absolute scale (cm −1 ) using water as standard taking into account the transmission factor and dark count of the imaging plate [28] . The upper limit of q accessible to experiment depends on the scattering system used. For dilute systems of poor scatterers the upper limit is severely restricted by the low signal to noise ratio obtained after subtracting the solvent scattering. In our study the maximum q value was ∼4 nm −1 . The line collimated scattering data was desmeared using GIFT software taking into consideration the finite size of the beam [29] .
SAXS data analysis
In aqueous solution, SDS forms globular (prolate ellipsoidal) micelles at moderate surfactant concentrations. The scattering intensity in absolute scale (cm −1 ) from the ellipsoidal micelles in the solution is given by [30] 
where F (q) is the scattering amplitude (form factor) of individual micelles and S(q) is the intermicellar structure factor. N m is the number density of micelles given by
where C S is the molar surfactant concentration and N A is the Avogadro number. The aggregation number N Agg is used as a fitting parameter. The scattering amplitude depends on the contrast factor which is due to the difference ρ in scattering length densities between the particles and the solvent. For SDS micelles the hydrocarbon core has a negative X-ray scattering length density with reference to solvent while the sulfate head group has a positive Xray scattering length density. Hence a two shell model is used in the description of form factor [31, 32] .
Here ρ c , ρ sh and ρ s are the scattering length densities of the core, shell and solvent, respectively. μ is the cosine of the angle between the scattering vector q and the major axis of the ellipse and t a t . The structure factor S(q) for charged micelles can be calculated using rescaled mean spherical approximation (RMSA) [33] .
The form factor of lysozyme molecules which are prolate ellipsoids of semi-major axis a and semi-minor axis b is given by
For the lysozyme molecules the scattered intensity in absolute scale (cm −1 ) can be calculated using [28] 
where C p is the lysozyme concentration, M p is the mass of one lysozyme molecule, ν p is the partial specific volume of lysozyme, ρ is the excess scattering length density of lysozyme over solvent and S p (q) is the interparticle structure factor. Using hardsphere reference system under PY approximation and treating the repulsive Coulomb and attractive van der Waals potential in random phase approximation (RPA) the structure factor can be evaluated [34] . For a particle of arbitrary shape, the pair distance distribution function (PDDF) p(r) is related to the scattering intensity I(q). The p(r) function contains the real space structural information, obtained by model-independent indirect Fourier transformation of the experimental scattering intensity [35] . The maximum dimension D max of the scatterer can be immediately deduced from p(r), because p(r) = 0 for r D max . The generalized indirect Fourier transformation (GIFT) [29] was used to get the PDDF from the experimental scattering intensity data using 40 cubic splines and 19 Lagrangian multipliers. The software package also separates the form factor and the structure factor using an equivalent spherical approximation for the shape of the particles. RMSA was used in the evaluation of structure factor for SDS micelles and lysozyme-SDS complexes and hard sphere model was used for lysozyme for desmearing the SAXS intensity data.
Results and discussion
The lysozyme and SDS concentrations were chosen in the L 1 phase of the phase diagram given in Refs. [21, 27] . SAXS intensity distribution was determined for two sets of data-one in which lysozyme concentration was fixed at 1 wt% (0.7 mM) and SDS concentration was varied for lysozyme:SDS weight ratio of 1:2, 1:3, 1:4 and 1:5 and the second in which lysozyme concentration was fixed at 2% and the lysozyme:SDS weight ratio was chosen to be 1:1.6, 1:2 and 1:2.4. For comparison, SAXS data were collected for pure SDS of 2 and 4 wt% (70 and 140 mM, respectively) and lysozyme of 1 and 2 wt%. Fig. 1 gives the desmeared SAXS intensity distribution due to pure lysozyme of 1 wt% (0.7 mM). The corresponding pair distance distribution function p(r) is plotted in Fig. 2 . The maximum dimension of D max ∼ 4.5 nm corresponds to the major axis 2a of the lysozyme molecule. The SAXS intensity calculated using Eq. (10) is plotted over the experimental data. The electron density of lysozyme and water were chosen to be respectively [34] [21, 27] . However, since we used the protein without any purification as outlined in Ref. [21] , the salt content in our sample can reduce the effective charge on the protein [37] . The presence of this salt can justify the value for the parameter κ used in the data analysis, though no buffer salt has been added to the solution. The value of Hamaker constant for lysozyme was chosen from the literature [38] . The desmeared SAXS intensity distribution for 2 wt% (69 mM) SDS and the corresponding PDDF are shown in Figs. 1 and 2 , respectively, which are typical of a structure with a core of smaller and a shell of larger electron density than the solvent [39] . The maximum dimension of D max ∼ 6.3 nm obtained from p(r) function corresponds to the major axis 2a t of the micelle. I(q) calculated using the theoretical model described in the SAXS data analysis is also plotted in Fig. 1 . The scattering length densities of the core, shell and solvent, ρ c , ρ sh and ρ s , respectively, were chosen to be 0.274, 0.395 and 0.33 e/Å 3 as given in the literature [26, 31, 40] . In the form factor, the axial ratio ν of the core and the , and a mixture of 1 wt% lysozyme with 2 wt% SDS (plus). The dotted, dash-dotted and solid lines respectively correspond to the calculated intensity for lysozyme, SDS and lysozyme-SDS complexes using equations given in the text.
Fig. 2. The pair distance distribution function p(r)
obtained from GIFT analysis for 1 wt% lysozyme (circle), 2 wt% SDS (triangle), and a mixture of 1 wt% lysozyme with 2 wt% SDS (plus).
thickness of the shell τ were used as fitting parameters. The data could be well described by the values ν = 1.57 and τ = 0.645 nm.
Corresponding to these values, the semi-major axis of the micelle, a t = 3.27 nm, which agrees well with the estimate obtained from the model-independent p(r) function. The aggregation number N Agg = 75 and fractional charge on the micelle α = 0.35 agree with the values estimated from SANS for similar concentrations of SDS [41, 42] . The fitting parameters are given in Table 1 . Figs. 1 and 2 give the desmeared SAXS intensity and the corresponding PDDF for the mixed lysozyme-SDS system containing 1 wt% of lysozyme and 2 wt% of SDS with the molar ratio of lysozyme:SDS = 0.7:69. With the micelles aggregation number ∼70, the number of lysozyme molecules in the solution (4.13 × The fluorescence probe study of Vasilescu et al. [10] suggests that the lysozyme molecules form unimicellar complexes with the SDS micelles, the micellar aggregation number in the complex being almost the same as in free solution. Thus for this mixed proteinmicelle system almost all micelles form complexes with protein.
Samso et al. [17] modeled the protein-SDS complexes by considering the polypeptide backbone of the protein residing close to the interface of the shell and core with the hydrophobic side chains penetrating into the core, thereby increasing the electron Note. The parameters are the fractional charge on the micelles α (using RMSA, GIFT analysis), the axial ratio of the core ν, the thickness of the shell τ , the electron densities of the core and shell, respectively, ρ c and ρ sh , and the aggregation number N Agg . The electron density of solvent (water) ρ s = 0.33 e/Å 3 .
density of this region. The surface of lysozyme has hydrophobic patches on it as evidenced by its capability to adsorb on air-water and oil-water interfaces [43] and the mapping of the hydrophobic potential surfaces by Sivozhelezov et al. [44] . That the protein gets denatured and loses its activity in the presence of SDS is an evidence for some conformational changes in its structure which exposes additional hydrophobic sites [45] . Since the electron density of the lysozyme (0.43 e/Å 3 ) and the micellar polar shell (∼0.4 e/Å 3 ) are more or less the same, embedding the protein in the micelle makes the micelle appear like a swollen object as for as X-ray scattering is considered. Though only a part of the micelle bulges, as an approximation, a statistical average over a large number of micelles can be considered to be an effective increase in the thickness of the shell so that the conventional core-shell model of SDS micelles can be used in the form factor. The electron density of the micellar core is bound to increase when the lysozyme molecule penetrates the micelle core. Compared to the core, the shell is of smaller thickness and of larger electron density due to the presence of SO 2− 4 head group and Na + counterions. From the PDDF for the lysozyme-SDS complex (Fig. 2) , we find that the presence of protein leads to a broadening of the shell which may also increase the scattering length density of the shell. Since most of the lysozyme molecules would form complexes with SDS micelles at these concentrations, and the scattering profile of the complex looks similar to that of free micelles, we have calculated the SAXS intensity of lysozyme-SDS complexes using the same model as for SDS micelles. However, the number of free fitting parameters increases as the electron densities of the core and shell also become adjustable parameters. The fractional charge α was obtained from the structure factor calculation of the GIFT software using RMSA model. The decrease in the α value of the complex with respect to pure micelle is due the partial charge neutralization of the negatively charged micelle by the positively charged protein. The axial ratio of the core ν and the thickness of the shell τ were chosen such that the calculated value of the major axis (2a t ) would agree with the maximum dimension D max obtained from PDDF. The intensity of the first correlation maximum relative to the first subsidiary maximum is sensitive to the variation of the electron density of the core ρ c . The position of the first minimum changes with the variation in the electron density of the shell ρ sh as well as its thickness τ . The aggregation number N Agg , is constrained by the packing condition, (4/3)πνb The calculated scattering intensity is plotted on the experimental curve in Fig. 1 and parameters extracted are listed in Table 1 . The correlation coefficient of the experimental and theoretical data is 0.996. Unlike the SAXS data of BSA-SDS complexes studied by Santos et al. [26] , the SAXS profiles for the lysozyme-SDS complexes reported in this study could not be explained by beads on necklace model. With the addition of only 5 mM SDS, the maximum dimension measured from PDDF for 1 wt% BSA increased from 10 Being a soluble protein, due to the hydrophobicity of the micellar core, the small and comparatively rigid lysozyme molecule is expected to lie close to the core-shell boundary.
to 13 nm [26] . Subsequent SDS addition was found to unfold the BSA's polypeptide chain and screen the intermicellar interactions. In the case of lysozyme-SDS complexes we find that the maximum dimension changes only marginally and the intermicellar correlation due to Coulomb interaction (first peak) persists for all the concentrations studied. These facts suggest that the lysozyme molecule retains its compact structure when it complexes with the SDS micelles. Being smaller than the micelle, it can also penetrate the micelle. However, being a soluble protein with largely hydrophilic outer surface, total penetration into the hydrophobic micellar core is not possible. So we envisage that the complex would look like a swollen micelle with the protein lying nearer the shell, in native or slightly unfolded form (Fig. 3) . The structure would be essentially non-centrosymmetric. However, since the SAXS intensity is measured as a statistical average for all the scatterers, we could describe the data using a symmetric core-shell model, albeit with a large number of parameters.
The desmeared SAXS intensity distribution obtained by keeping the lysozyme concentration constant at 1 wt% and increasing the SDS concentration to 3, 4, and 5 wt% is shown in Fig. 4 . In the absence of any added salt, the SDS micelles grow very gradually with increase in concentration [27, 40] and the aggregation number increases only marginally. Since lysozyme concentration is held constant at 1 wt%, with increase in SDS concentration, the number of free micelles in the solution coexisting with the lysozyme-SDS complexes will increase. In the SAXS intensity distribution, this is observed as an apparent decrease in the electron density of the micellar core as well as shell and a decrease in the thickness of the shell. Based on these arguments, the SAXS data were fitted with the parameters shown in Table 1 .
For the lysozyme:SDS weight ratio of 1:1.6 (molar ratio 1.4:111) with lysozyme concentration of 2 wt%, the desmeared scattering intensity is as shown in Fig. 5 . With an aggregation number of ∼80, the number density of lysozyme molecules is more or less the same as that of SDS micelles and the scatterers are essentially the lysozyme-SDS complexes. The overall scattering intensity is the largest in this case. As compared to pure SDS micelles, increases in the electron density of the core and shell as well as an increase in the shell thickness seem to describe the data well. The fitting parameters are given in Table 1 . When the SDS concentration is further increased to lysozyme:SDS weight ratios of 1:2 and 1:2.4, keeping the lysozyme concentration constant at 2 wt%, the variation of overall scattering intensity distribution suggests a co-existence of the free micelles as discussed above. The fitting parameters are given in Table 1 .
For large lysozyme and SDS concentrations, due to poor growth of micelles in the absence of added salt, the number density of micelles (free and those complexed with protein) will be very large. As the negatively charged micelles are brought closer together due to increase in number density, the lysozyme molecules carrying a net positive charge may reside more on the outer layer of the micelles and bridge them. This could have been the observation in the SANS study of lysozyme-SDS complexes by Stenstam et al. [27] , where the lysozyme contrast data could be explained using a model of fractal aggregation with relatively dense fractal packing of the lysozyme molecules. They used lysozyme:SDS weight ratio in the range of 1:3 to 1:4.5, with SDS concentration ranging from 4 to 16 wt%. So the micelles concentration in their study must have been much larger than that in this study which explains their observation of fractal aggregates of lysozyme molecules. However, in the SDS contrast measurements, they found that the large majority of the SDS was present in the same type of micelles as in the pure SDS solutions of the same concentration.
Summary
The structure of lysozyme-SDS complexes in solution phase has been investigated using small-angle X-ray scattering. The pair distance distribution function obtained from the model-independent indirect Fourier transformation of the experimental scattering intensity indicates that there is only marginal growth of SDS micelles as they complex with the protein. The necklace and bead model fails to account for the SAXS data which suggests that unlike some flexible proteins such as BSA that unfold upon denaturation due to SDS addition, lysozyme retains its compact structure. Being a small protein, it can penetrate the micellar core which is occupied by flexible and disordered paraffin chains, and modify the electron scattering length density of the core and shell. The SAXS intensity profiles are analyzed by considering the change in the electron density of the micellar core and shell and also the thickness of the shell. A partially embedded swollen micellar model seems appropriate and describes well the scattering data.
